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Abstract.
We reexamine in detail the various processes undergone by positrons in the interstellar medium (ISM) from their
birth to their annihilation using the most recent results of positron interaction cross sections with atomic and
molecular hydrogen, as well as helium. The positrons’ lives are divided into two phases: the “in-flight” phase
(between ≈ 1 MeV and tens of eV) and the thermal phase. The first phase is treated with a Monte Carlo
simulation that allows us to determine the fraction of positrons that form positronium and annihilate as well as
the characteristics of the annihilation emission as a function of the medium conditions. The second phase is treated
with a binary reaction rate approach, with cross sections adopted from experimental measurement or theoretical
calculations. An extensive search and update of the knowledge of positron processes was thus undertaken. New
reaction rates and line widths have been obtained.
We investigate the treatment of the complicated interactions between positrons and interstellar dust grains.
Fully relevant data were not always available, but we were nonetheless able to reach satisfactory understanding
of positron annihilation on grains, both qualitatively and quantitatively. All factors of the problem have been
considered, including the grain size distribution and composition, the electric charge of the grains, the backscat-
tering, positronium formation and ejection from the grain, the pick-off annihilation inside them and the partial
destruction of dust in the hot regions of the ISM. New reaction rates and widths of the line resulting from the
annihilation inside and outside of the grain have been obtained. The final results of our calculations (reaction
rates and spectra) showed that dust is only important in the hot phase of the ISM, where it dominates all other
processes.
Combining the new calculations, we have constructed annihilation spectra for each phase of the ISM, considering
various grain contents, as well as an overall combined spectrum for the ISM as a whole.
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1. Introduction
Positrons are produced at tremendous rates in the Galaxy.
This has been firmly established by a long series of balloon
and satellite detections of the positrons’ landmark signa-
ture, the gamma-ray line at 511 keV produced in their an-
nihilation with electrons. A rate of ≈ 1043e+/s is usually
inferred from such detections (Purcell et al. 1997, Milne et
al. 2000). Surprisingly, despite three decades of (indirect)
detections of positrons, the origin and galactic distribu-
tion of these huge amounts of antiparticles is still puzzling
astrophysicists. There are several major reasons for this
problem: 1) our understanding of the positron production
processes in astrophysical media is plagued by significant
uncertainties; 2) the galactic map of the 511 keV annihi-
lation line, which is supposed to lead us to the positrons,
has yet to be determined with any reasonable accuracy; 3)
the physics of the annihilation processes, which have until
now been believed to be well understood, may need to be
improved to a certain extent; 4) our lack of knowledge of
the extent of diffusion/propagation of positrons between
their production sites and their annihilation places.
In nature, positrons can be produced by one of the
following main processes: a) β+ decay of radioactive nu-
clei; b) pi+ decay into µ+, which decays and gives off a
positron; c) pair (electron-positron) production through
photon-photon interactions; d) pair production by the in-
teraction of an electron with a strong magnetic field. All
these processes can be found in astrophysical settings, pro-
vided that the physical conditions for them are fulfilled.
For example, the first process (the β+ decay of a radioac-
tive nucleus) is widespread in the explosive and/or hydro-
static nucleosynthesis environments of novae, supernovae,
Wolf-Rayet and Asymptotic Giant Branch stars. The sec-
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ond process (pi+ → µ+ → e+) takes place where the pion
is produced in collisions of highly energetic (more than
≈ 200 MeV) cosmic rays with interstellar material (mostly
protons). The third process (photon-photon pair produc-
tion) requires photons of high energies and is known to
occur in the environment of luminous compact objects
(black hole candidates, micro-quasars, active galactic nu-
clei, etc.). The fourth process requires intense magnetic
fields and is rather common in the environments of pul-
sars/neutron stars.
On the scale of the whole Galaxy, as we are interested
in here, the main positron generators are, in order of de-
creasing importance: supernovae (SNe), novae (Ne), com-
pact objects (microquasars, pulsars, etc.), cosmic rays and
possibly gamma ray bursts. However, substantial uncer-
tainties over the specific factors involved in each case have
made the precise identification of the positron sources very
difficult. For instance, for the main candidates for galac-
tic positrons (supernovae), depending on their type, the
specific positron production process and the escape frac-
tion from the expanding shell into the interstellar medium
(ISM), the amount of positrons contributed by supernovae
may vary significantly.
The issue of the origin of positrons responsible for the
observed annihilation in the Galaxy will be investigated
in another work, in relation to the new 511 keV map(s)
obtained by INTEGRAL/SPI (Knodlseder et al. 2005).
For a recent review of some of the issues pertaining to this
topic, see the paper by Paul (2004) or Jean et al. (2004).
We will address here only the physics of the annihilation as
it leads to the spectra observed by high energy-resolution
instruments.
Since the discovery of the 511 keV annihilation radia-
tion emanating from the Galactic center in 1970 (Johnson,
Harnden and Haymes 1972), interest in this radiation,
from the observational viewpoint as well as from the the-
oretical stance, has been very high.
On the observational side, dozens of balloon and,
more recently, satellite missions have been conducted over
the past 2 or 3 decades. We will cite only high energy-
resolution (germanium) instruments that allowed for the
extraction of a detailed line spectrum, because the physics
of the annihilation produces a spectrum that can only be
compared to one obtained by such instruments. In 1977
the Ge-detector (high energy resolution) balloon mission
(Leventhal, MacCallum and Stang 1978), established the
electron-positron annihilation nature of the radiation by
accurately measuring the line centroid energy at 511 keV.
The Gamma-Ray Imaging Spectrometer (GRIS) balloon
missions (Gehrels et al., 1991; Leventhal et al. 1993) firmly
established the narrow width of the line (FWHM less than
about 3 keV) and separated the extended, diffuse emission
in the interstellar medium (ISM) from that of the Galactic
center region. The HEXAGONE balloon-borne spectrom-
eter mission (Chapuis et al., 1991; Durouchoux et al. 1993)
also detected a narrow line (FWHM less than about 3
keV). The Transient Gamma-Ray Spectrometer (TGRS),
onboard the WIND satellite, rather strongly disproved the
two-component, time-variability (of the Galactic Center
emission) paradigm (Teegarden et al., 1996; Harris et al.
1998; Harris 2000) and showed an even narrower line
(FWHM ≈ 1.8 keV). The most recent analysis of the data
from the on-going INTEGRAL/SPI detection of the anni-
hilation line shows the line to have a width of ≈ 2.3 keV
(Knodlseder et al. 2005).
In parallel, theoretical modeling and data analyses of
the emission have proceeded in an attempt to understand
both the physical processes behind the emission and the
physical conditions prevailing in the regions where the an-
nihilation is taking place.
Detailed theoretical investigations of the annihila-
tion processes behind the observed radiation go back to
Crannell et al. (1976) who, while interested in the line
produced specifically in solar flares, investigated most of
the processes involved in electron-positron interactions.
Other researchers, i.e. Steigman (1968), Stecker (1969)
and Leventhal (1973) had pointed out the importance
of the Positronium in astrophysical settings. Positronium
(Ps) is the bound state of a positron with an electron,
and depending on whether the two have parallel or anti-
parallel spins, this “atom” will be in the long-lifetime (t =
140 ns) ortho-Ps state or the short-lifetime (t = 0.125 ns)
para-Ps state. The latter decays into 2 photons of 511 keV
(plus or minus some small amount of energy corresponding
to the relative momenta of the bound particles), while the
former (ortho-Ps) state decays into 3 photons of energies
totaling 1022 keV. The distribution of photon energies re-
sulting from the decay of ortho-Ps was first calculated by
Ore & Powell (1949) and more recently by Adkins (1983).
Subsequent work on the positron processes focused
on the conditions of the interstellar medium. Bussard,
Ramaty and Drachman (1979 – hereafter BRD79) cal-
culated the rates of the various processes undergone by
low-energy positrons and obtained the resulting annihila-
tion spectrum; Ramaty & Meszaros (1981) considered the
processes and the resulting radiation in the conditions of a
relativistic, hot (high-temperature) plasma. Zurek (1985)
emphasized the role of dust grains and showed their po-
tentially important modification of the annihilation spec-
trum, especially in the hot/warm/ionized phases of the
ISM. Guessoum, Ramaty and Lingenfelter (1991) recon-
sidered the problem in light of earlier developments (new
calculations of reaction rates by Gould 1989, recent obser-
vational data, more precise treatment of dust grains, etc.),
performed detailed theoretical spectroscopy of the annihi-
lation line, and produced spectra for various conditions of
the ISM; one of the ideas emphasized in that work was
that the FWHM value was not an accurate descriptor of
the line, as the line cannot always be simply represented
or fitted by a Gaussian function. Guessoum, Ramaty and
Skibo (1997) updated the knowledge of positron processes
(reaction rates and line widths), adding molecular hydro-
gen and helium. Most recently, Dermer & Murphy (2001)
reviewed the positron production and annihilation mech-
anisms, dealing with both the sources of positrons and the
line profile depending on the annihilation environment.
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Positron annihilation models for astrophysical set-
tings also rely heavily on many laboratory measurements
and theoretical calculations of positron interactions with
atoms and molecules. We mention the pioneering work of:
Bhatia, Drachman and Temkin (1977) for early theoreti-
cal calculations of annihilation in positron-hydrogen col-
lisions; Brown et al. (1984), Brown, Leventhal and Mills
(1986), Brown & Leventhal (1986) for measurements of
line widths and Positronium formation fractions in gases
(H2, He) relevant to the ISM conditions; see Charlton
& Humberston (2001) for a general review of positron
work in gases (particularly H, H2, He), Puska & Nieminen
(1994) for the theory of positrons in solids and on solid
surfaces, and the body of work by Iwata, Surko and collab-
orators (Iwata et al. 1996, Iwata et al. 1997, Iwata et al.
2000) on laboratory measurements of cross sections and
annihilation line widths of positrons colliding with atoms
and molecules (up to and including large complex alco-
hol and/or aromatic molecules, some of which may exist
in galactic molecular clouds). We would draw attention
to the significant amount of relevant “non-astrophysical”
work currently being performed by atomic and condensed
matter researchers in positron physics 1.
In order to determine the overall spectrum of the line
produced by the galactic positrons, one must consider a
model of the ISM, i.e. distributions and characteristics
(temperature, ionization, etc.) of the gas (H, H2, He) and
dust. Guessoum, Ramaty and Lingenfelter (1991) based
their work on the model of McKee & Ostriker (1977);
Gillard (pers. comm.) use the models of Ferriere (1998a,
1998b, 2001), deeming them more detailed and more con-
veniently described by analytical expressions.
Taking all the above physical information (pro-
cesses, cross sections, line widths, gas distributions,
etc.) into account, one can attempt to reproduce the
observational data (from GRIS, HEXAGONE, TGRS,
INTEGRAL/SPI) and infer useful knowledge about the
environment where the annihilation is predominantly tak-
ing place. This kind of approach was adopted by Wallyn
et al. (1993) for the HEXAGONE data and by Guessoum
et al. (2004) for the SPI and the TGRS data.
The latest such analysis (Guessoum et al. 2004) partly
led us to revisit the subject of positron processes and anni-
hilation. Analysis of the SPI data (for which the FWHM
was then (2.67±0.33) keV - Lonjou et al. 2004), unlike
that of TGRS (for which the FWHM was (1.8±0.5) keV
- Harris et al. 1998) tended to imply a very large amount
(or reaction rate) of dust grains, simply because the inter-
action of positrons with grains resulted (in the treatments
done until now) in a line made up of two Gaussians, one
1 See the work by the groups at
University of California, San Diego
(http://physics.ucsd.edu/research/surkogroup/positron/),
Surko et al. (2000); the groups at Martin-Luther-University
Halle (http://positron.physik.uni-halle.de/), at University
of Michigan (http://positrons.physics.lsa.umich.edu/); and
others.
with Γ = 2.5 keV and one with Γ = 1.8 keV. Similarly,
the cross section for positron-hydrogen charge exchange
had been known to be extremely important, because this
reaction dominates all other processes in the cold phases
of the ISM, and because it leads to both a wide line (6.4
keV in the old treatments) and a large Ps fraction (f1, the
fraction of the positrons that annihilate via Positronium
formation). We thus realized that a detailed and refined
treatment of positron processes was needed before one can
attempt to analyze the high-quality data and draw astro-
physical conclusions from it.
In the next section, we review the processes that take
place “in flight”, i.e. before the positrons thermalize with
the medium of the given ISM phase; this applies for
positron energies between ≈ 1 MeV (their kinetic ener-
gies when they come out of beta decay) and a few tens
of eV, when Positronium formation through charge ex-
change starts to occur. This regime includes Coulomb en-
ergy losses (with free electrons), excitation and ionization
of atoms (H, H2, He), and Ps formation by charge ex-
change with H, H2 and He. We review the cross sections
for all the relevant processes and perform a Monte Carlo
simulation to determine the width of the line produced in
this regime. This is done with utmost care because of the
importance of the charge exchange process as explained
above. In section 3, we review the positron processes after
thermalization; these comprise: charge exchange with H,
H2, He, direct annihilation with bound electrons, direct
annihilation with free electrons and radiative combina-
tion (with free electrons). We discuss the dust grains and
the processes that positrons undergo with them. We also
present up-to-date line widths for all processes. In section
4, we use the knowledge compiled and presented here to
obtain annihilation spectra in standard ISM situations. In
the final section, we summarize the most important new
information and discuss the application of this revision to
the 511 keV SPI data analysis that we intend to perform.
2. In-flight processes
When, after being slowed down by Coulomb collisions in
the ISM, the positron has an energy less than a few tens
of eV, it starts to pick up an electron from an atom or
a molecule by charge exchange, thus forming a positron-
ium. This process is endoenergetic; it can happen as long
as the kinetic energy of the positron is above the charge
exchange threshold energy of Ps formation with the given
atom or the molecule. We calculate the probability for
such an event to occur using the Monte Carlo method,
similarly to the method presented in BRD79. In the follow-
ing sections we present the cross sections we used for the
calculation and the results of the simulation for positrons
in atomic and molecular hydrogen and helium.
2.1. Energy losses and cross-sections
In a partially ionized medium, the positron loses its energy
by collisions with electrons and by interaction with plasma
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Table 1. Energy threshold of reactions induced by
positrons.
Process Threshold (eV)
e+ + H → Ps + H+ 6.8
e+ + H → e+ + e− + H+ 13.6
e+ + H → e+ + H∗ 10.2
e+ + H → e+ + H∗∗ 12.1
e+ + He → Ps + He+ 17.8
e+ + He → e+ + e− + He+ 24.6
e+ + He → e+ + He∗ 21.2
e+ + H2 → Ps + H
+
2 8.6
e+ + H2 → e
+ + e− + H+2 15.4
e+ + H2 → e
+ + H∗2 12.0
waves, excitation and ionization of atoms and molecules.
The energy loss in the plasma is a continuous process. Its
rate, which depends on the energy of the positron, the
electron temperature and density in the plasma, is given
by Book and Ali (1975). The other processes require a
collision with an individual atom or molecule. In this case
the amount of the energy lost by the positron depends on
the positron energy and on the type of collision: excitation
or ionization. The thresholds for all these processes are
presented in Table 1. Figures 1a, 1b & 1c show the cross
sections we used for for excitation, ionization and charge
exchange in H, H2 and He respectively.
2.1.1. Hydrogen
The various cross section measurements for positron-
impact ionization of H we have found in the literature
(Jones et al. 1993; Hofmann et al. 1997 and Kara 1999)
are in agreement, except those of Spicher et al. (1990)
which are thought to have a systematic normalisation er-
ror (Charlton and Humberston 2001 - hereafter CH2001).
On the theoretical side, the results of calculations by
Janev & Solov’ev (1998) fit the previous measurements
below 40 eV, whereas those of Ratnavelu (1991) are in
good accord with the data above 30 eV but slightly over-
estimate the cross-section in the 150-300 eV range.
We have thus reconstructed the cross section depen-
dence on the positron kinetic energy by using the calcula-
tions of Janev & Solov’ev (1998) below 40 eV and averages
of the experimental data above this value. The energy loss
by positrons in such a collision has been approximated
by BRD79 to be distributed as a Gaussian with a mean
of one-fourth of the binding energy and a standard de-
viation of ≈ 2 eV. We adopt this approximation, which
was inspired by the calculations by Omidvar (1965) of the
ejected electron velocities in electron-hydrogen ionization
collision.
Concerning the positron-induced excitation of H we
used the calculated cross sections of Walters (1988) and
Kernoghan et al. (1996) for 1s-2s and 1s-2p excitations.
The cross section for excitation of higher energy levels is
taken from Fig. 3 of Stein et al. (1998). The latter has
been deduced by subtracting the elastic, ionization, 1s-
2s and 1s-2p excitation and Ps formation cross sections
calculated by Kernoghan et al. (1996) from their total
calculated cross section. The positron energy lost in an
excitation to the 2s or 2p levels of H is ≈ 10.2 eV. We
assume the energy loss in excitation of the highest levels
to be identical to the one for the n=3 level (12.1 eV).
Among the recent measurements of Ps formation cross
sections (Sperber et al. 1992, Zhou et al. 1997, Kara et al.
1999), the results of Sperber et al. (1992), which were the
first to be performed, differ significantly (a factor of 4/3)
from the others and are thought to be incorrect (Hoffman
et al. 1997). Ps formation cross sections calculated by
Kernoghan et al. (1996) are in good accord with the ex-
perimental results of Zhou et al. (1997) and Kara et al.
(1999). We thus use this calculation’s results in modelling
the cross section. Since the excitation and ionization pro-
cesses dominate above 100 eV, measurements of the Ps
formation cross section are subject to large uncertainties.
For the same reasons, the extrapolation of the charge ex-
change cross section by a power law or by an exponential
cut does not affect the results of the fraction of Ps forma-
tion in-flight significantly.
2.1.2. Helium
Experiments for the measurement of the single ioniza-
tion of helium by positron impact (Fromme et al. 1986;
Knudsen et al. 1990; Jacobsen et al. 1995; Moxom, Ashley
& Laricchia 1996) yield general agreement, except for the
results of Fromme et al. (1986) which slightly overesti-
mate the cross section below 50 eV and underestimate it
(by ≈ 12%) in the 100-200 eV range. The calculation for
positron kinetic energies below 150 eV made by Campbell
et al. (1998) fits the data quite well (see also CH2001 p
241). We use this theoretical result for energies less than
150 eV and the average of the measurements above this
value. The energy distribution of the ejected electron is
taken from Goruganthu et al. (1985), who calculated the
single differential cross section of secondary electron pro-
duction for electron-impact ionization in helium. These
distributions can be approximated by an exponential law
with an energy scale of ≈18.5 eV. We neglected the He
double ionization by a positron since its cross section is
≈3 × 10−3 lower than that for single ionization (Charlton
et al. 1988, CH2001).
The cross section for the excitation of He by positrons
is not well determined, either by measurements or by cal-
culations. Chapuis et al. (1994) deduced it from the dif-
ference between the total cross section and those of the
charge exchange and ionization cross sections. However,
the excitation cross-section for positron-He scattering
evaluated with this method overestimates by a factor of
≈4 the experimental measurements (Coleman et al. 1982;
Mori & Suoeka 1994) and theoretical calculations (Parcell
et al. 1987; Hewitt, Noble & Bransden 1992; Ficocelli
Varrachio & Parcell 1992; Campbell et al. 1998; see also
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Fig. 5.4 of CH2001). We used the cross section curve of
Chapuis et al. (1994) scaled to fit the most recent experi-
mental results of Mori & Suoeka (1994).
While the measurements of the cross section for
positronium formation in positron collisions with helium
(Fornari, Diana & Coleman 1983; Diana et al. 1986;
Fromme et al. 1986; Moxom et al. 1993; Overton et al.
1993) are in good agreement below ≈ 80 eV, large discrep-
ancies occur above this value. These discrepancies may be
due to experimental errors (CH2001), and the most re-
cent results of Overton et al. (1993), which are lower than
the other measurements above 80 eV, are in better ac-
cord with theoretical calculations of McAlinden &Walters
(1992) and Campbell et al. (1998). We have used the re-
sults of the latter authors to model the cross section for
charge exchange in helium.
2.1.3. Molecular hydrogen
The four cross section measurements by Fromme et al.
(1988), Knudsen et al. (1990), Jacobsen et al. (1995) and
Moxom et al. (1996) of the positron-impact single ioniza-
tion of molecular hydrogen provide very different results
for energies less than 200 eV (see also CH2001). The lat-
est results of Moxom et al. (1996) seem more appropriate
since they are not far from the results of Fromme et al.
(1988) and Knudsen et al. (1990).
However, data of Jacobsen et al. (1995), which under-
estimate the results of previous experiments by ≈40% at
80 eV, are the closest to the theoretical evaluations per-
formed by Chen, Chen & Kuang (1992). So by chosing
to use the cross section of Moxom et al. (1996), we ran
the risk of making a systematic error in the calculation of
the fraction of positronium formation in flight in molec-
ular hydrogen. But, as presented in the next section, the
results of this assumption provide a fraction in agreement
with measurements of Brown & Leventhal (1986).
There are few measurements and studies on the energy
distribution of the ejected electrons in ionisation collision
of H2 by positrons. Ko¨ver & Laricchia (1998), Berakdar
(1998) and Ko¨ver, Paludan & Laricchia (2002) provide
such a distribution, but only for forward electrons and
specific positron energies. As for helium we approximate
the distribution of the ejected electrons by an exponen-
tial law. According to the few existing measurements, the
energy scale of this distribution is approximately 15 eV.
Since the cross section for the dissociative ionization of
molecular hydrogen by electrons contributes only to 6%
of the ionization cross section (Rapp, Englander-Golden
& Briglia 1965), we neglect this process in the simulation.
Measurements of the charge exchange cross section in
molecular hydrogen are mostly in agreement (Fornari et
al. 1983; Diana et al. 1986; Fromme et al. 1988; Zhou et al.
1997 – see also Kwan et al. 1998). However, the Fromme
et al. (1988) results are above the upper limit derived by
Zhou et al. (1997) for energies less than 10 eV. Therefore
we have used the cross section measured by Fornari et al.
(1983) and Diana et al. (1986) for the low (E<100 eV) and
high (E>100eV) energies, respectively. It should be noted
that the cross section derived by BRD79 fits the data of
Fornari et al. (1983) quite well in the 15 – 50 eV range.
Very little is known from either theory or experiment
concerning the excitation of molecules by positrons. We
thus estimate the excitation cross section of positrons col-
liding with molecular hydrogen by subtracting the charge
exchange, ionization and elastic cross sections from the
total cross section, which has been measured by Hoffman
et al. (1982). The elastic cross section was evaluated by
Wallyn et al. (1994).
2.2. Positronium formation in flight
We simulate the interactions of positrons with atoms and
molecules by Monte-Carlo methods on the basis of the
cross sections and energy loss mechanisms presented pre-
viously. For any value of the positron’s kinetic energy (that
is at any stage of the simulation), the interaction process
is chosen randomly according to the values of the cross
sections of all the possible processes. The particular in-
teraction then specifies the energy lost at that stage. The
positron is “dropped” either when it forms a positron-
ium or when its kinetic energy falls below the threshold
of charge exchange; in the latter case, the positron is as-
sumed to start thermalizing with the ambient medium.
The fraction f1 of positrons forming a positronium in
flight is then obtained simply by counting the number of
positrons undergoing a charge exchange. When such a pro-
cess occurs, the kinetic energy value of the positronium
(i.e. the kinetic energy of the positron minus the energy
required to form the positronium) is stored. The set of
kinetic energies obtained from the simulation is then used
to calculate the spectral shape of the annihilation emis-
sion by accounting for the Doppler broadening due to the
motion of the positronium. The shapes of the annihila-
tion line differ somewhat from a simple Gaussian, but we
parametrize them with FWHMs by fitting Gaussian func-
tions to the spectra (see section 3.2). We also record the
time spent by positrons to slow down and reach the charge
exchange threshold or form a positronium. The resulting
mean duration deduced from a large number of positrons
allows us to calculate the slowing down time of positrons
before thermalization.
We tested our Monte Carlo simulation by reproducing
the results obtained by BRD79 (see Figure 2). They calcu-
lated the fraction of positrons undergoing charge exchange
with atomic hydrogen before thermalization as a function
of the ionization fraction. Similarly our calculation has
been performed for two cases of media characterized by
their electron density and temperature. The first is repre-
sentative of a warm component of the ISM (T ∼ 8000 K)
and the second of solar flares (T ∼ 106 K).
Values of f1 for a totally neutral medium are summa-
rized in Table 2 where they are compared with results of
previous measurements (Brown & Leventhal 1984, 1986)
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Fig. 1. Cross sections for positronium formation, ioniza-
tion and excitation in positron collision with (a) atomic
hydrogen, (b) molecular hydrogen and (c) helium as a
function of the kinetic energy.
and calculations (BRD79; Wallyn et al. 1994; Chapuis et
al. 1994).
3. Processes after thermalization
After they have lost the bulk of their energies during the
“in-flight” phase, the positrons thermalize with the am-
bient medium and undergo a series of processes leading
Fig. 2. Fraction of positrons forming positronium in flight
(f1) by charge exchange with atomic hydrogen as a func-
tion of the ionization fraction (y) in a warm component of
the interstellar medium (electron density: ne = 0.1 cm
−3,
electron temperature: Te = 8000 K) and in solar flare (ne
= 5 × 1013 cm−3, Te = 1.16 × 104 K). The results pre-
sented in Fig. 2 of BRD79 are shown for comparison.
Table 2. Fraction (in %) of positrons forming positronium
in flight, in a completely neutral medium.
References H H2 He
BRD79 95 93 −
Brown & Leventhal − 89.7 ± 0.3 80.7± 0.5
Wallyn et al. 1994 98 90 −
Chapuis et al. 1994 − − 78
This paper 95.5 89.6 81.7
to their annihilation, either directly or via positronium
formation.
3.1. Reaction rates for positron processes
In thermal conditions, the reaction rate for non-relativistic
binary collisions is easy to calculate; we use the usual
< σv > formula, where the averaging is done over the
interacting particles’ (Maxwellian) energy distributions:
R =< σv >=
∫ ∞
ET
2√
pi
√
E
(kT )
3/2
e−E/kTσ(E)vdE . (1)
3.1.1. Charge exchange with H, H2, He
The cross sections for these reactions were discussed in the
previous section. The calculated rate is shown in Figure
3 along with the rates of the other processes. These rates
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Fig. 3. Positron reaction rates as a function of tempera-
ture.
are significant only above a few times 104 K, when the
high-energy tail of the Maxwellian distribution is above
the threshold of Ps formation. Also, although few atoms
remain neutral at such a high temperatures, we present
the charge exchange rate up to 2 × 106 K.
3.1.2. Radiative combination (with free electrons)
The cross section for this process (e+ + e− → Ps +γ) is
so small ( 10−20 cm2 at 1 eV and decreasing fast at higher
energies) that it cannot be measured in the laboratory.
We must thus rely on theoretical calculations. Various
attempts and approaches have been made over the past
several decades, going back to 1930, the most recent and
accurate of which is that of Gould (1989), who obtained
the reaction rate for both the ground state and the first
excited state of Ps directly from first principles. The ear-
lier calculation of Crannell et al. (1976) used the similarity
between this process and the radiative recombination of
hydrogen (e− + p → H +γ) for which the cross section
was already known.
3.1.3. Direct annihilation with free electrons
This process (e+ + e− → γ + γ) has a very small cross
section (about an order of magnitude less than that of
radiative combination at temperature less than 105 K –
Heitler 1954; Crannell et al. 1976; BRD79). It is therefore
only relevant in the hot phase of the ISM and can be
ignored in all other conditions, as can be see in Figure 3.
3.1.4. Direct annihilation with bound electrons
This process (e+ +H→ p+γ+γ, or e+ on H2 or on He) has
the lowest cross section of all the positron processes, more
than an order of magnitude less than the second slowest
process, direct annihilation with free electrons, and more
than two orders of magnitude weaker than radiative com-
bination. Direct annihilation with bound electrons applies
only at the lowest temperatures (less than a few thou-
sand degrees) where charge exchange does not proceed be-
cause the positrons then do not have the threshold energy
needed and there are no free electrons for the other two
processes – radiative combination and direct annihilation
with free electrons – to take place. Due to the weakness
of its cross section, this process cannot be investigated
in the laboratory, and again one must rely on theoretical
calculations. The work of Bhatia, Drachman and Temkin
(1977) has not been corrected or updated by any later
works, so we still use the rate they obtained for direct an-
nihilation with H. For He and H2 the method is similar,
except that we calculated the cross section using estimates
of the dependence of Zeff , the effective charge
2, on the ki-
netic energy from Campeanu & Humberston (1977) and
Armour, Baker & Plummer (1990), respectively.
The measured Zeff in H2 at room temperature is
≈45% larger than the theoretical evaluation (CH2001).
This may turn out to be a source of systematic error in
the annihilation rate we will be using.
3.2. Line widths
The widths of the annihilation line resulting from charge
exchange in flight with H, H2, and He have been calculated
as a result of the Monte Carlo simulation we presented
in the previous section. We have found 5.8 keV, 6.4 keV
and 7.4 keV for H, H2 and He respectively in a neutral
medium. These widths are in quite good agreement with
previous measurements and calculations (BRD79, Brown
& Leventhal 1984, Brown & Leventhal 1986). The width of
the 511 keV line does not vary with the ionisation fraction
of the ambient medium although its shape is slightly “flat-
tened” (the top of the spectral distribution is less peaked).
This flattening is due to the loss of low energy positrons
which are quickly slowed down below the Ps threshold by
way of Coulomb collisions with electrons.
The widths of the annihilation line resulting from the
direct annihilation with H, H2, and He have all been mea-
sured experimentally: Brown & Leventhal (1986) obtained
1.56 keV for H; and Iwata, Greaves, and Surko (1997) ob-
tained 1.71 keV and 2.50 keV for H2 and He, respectively.
These widths depend very weakly on the temperature in
our range of interest.
The widths of both the radiative combination and di-
rect annihilation with free electrons were calculated by
Crannell et al. (1976) using a simple argument of thermal
2 The effective charge Zeff is defined such that the annihi-
lation rate per target density is R = σv = Zeff cpir
2
e , with re
the classical electron radius.
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broadening due to the motion of the center of mass of the
e+-e− pair; this calculation gives the same following sim-
ple expression for both widths: Γrc,dae = 1.1 T
1/2
4 keV,
where T4 is the temperature in units of 10
4 K.
3.3. Grains and positron processes
The importance of positron capture and annihilation on
interstellar dust grains was first pointed out by Zurek
(1985), who estimated the rate for the process and con-
cluded that dust can play a crucial role in the warm
ionized phase of the ISM, leading to drastic modifica-
tions of the Ps formation fraction depending on the value
of the cross section of the positron capture on the dust
grains. Guessoum, Ramaty and Lingenfelter (1991) added
spectral considerations to the positron-dust process but
kept a simplified picture of the dust and showed that
unless the abundance of dust in the annihilation regions
is increased many times compared to “normal” quanti-
ties, grains change the spectrum of the line mostly in the
hot phase. Astrophysical knowledge of grains has since
increased considerably (see the reviews by Draine 2003,
2004, Li 2004, and Krugel 2003) and although a huge
body of work exists on positron interactions with solids
and solid surfaces (Nieminen & Oliva 1980; Huttunen et
al. 1990; Dannefaer et al. 1996; Dupasquier & Mills 1995;
Puska & Nieminen 1994; Weiss et al. 1994; Suzuki et
al. 2003; Mills et al. 1989; Mokrushin et al. 2003; Pi et
al. 2003; Weber & Lynn 2000), experiments dealing with
positrons and dust like materials remain scarce. We here
summarize our best understanding of the relevant infor-
mation we have collected on dust grains in our context.
The total amount of dust in the Galaxy is estimated
at 3× 107M⊙, which represents 0.6 % of the total mass of
gas (Krugel 2003), although Ferriere (2003) indicates that
there is a large uncertainty on this fraction, which could
range from 0.5 to 1 %. The abundance of dust grains is
found to correlate approximately with hydrogen, partic-
ularly in the cold and neutral phases; there is also some
evidence (Herter et al. 1989; Krugel 2003) for partial dust
destruction in the HII regions.
Several species of dust (composition, size) exist in the
ISM. Dust is often divided into 3 categories as follows:
– Large grains, of radii ranging between 20 nm and
0.3 µm, made of either silicate particles (Mg2SiO4 or
Fe2SiO4) or amorphous carbon;
– Very small grains, of radii ranging between 1 nm and
10 nm, made mostly of graphite, and representing
about 10 % of the amorphous carbons;
– PAH (polycyclic aromatic hydrocarbons), which are
big molecules and make up 3 to 6 % of the large grains
(in abundance).
We have ignored the PAHs in the present treatment
due to their negligible contribution; in fact, we have
found that the “very small grains” can be neglected as
well, as their abundance and small sizes (small geomet-
ric cross sections) give extremely low positron capture
rates.
Grain sizes follow a power-law distribution: dngr ∝
a−3/2da, where a is the radius of the grain, which ranges
between 3 × 10−6 cm and 2.4 × 10−5 cm for the large
carbonaceous grains and between 1.5 × 10−6 cm and
1.2 × 10−5 cm for the large silicate grains (Krugel 2003).
Other distributions and grain size ranges that distinguish
between grain types have also been proposed (Weingartner
& Draine 2001; Li & Draine 2001), but we will adopt the
simple unified expression of Krugel (2003). The distribu-
tions and grain size ranges given by Weingartner & Draine
(2001) or Li & Draine (2001) lead to reaction rates that
are several times higher than those we obtain with the
“conservative” values of Krugel (2003). This factor (the
sizes and distribution law of the grains) is the fundamen-
tal uncertainty in the determination of the reaction rate
of positron interaction with the dust. Secondary factors
include the amount of dust in the ISM (as stated previ-
ously) and the electric charge of the grains in the cold
phase. We have combined these uncertainties into one pa-
rameter, denoted by xgr (similar to that of Guessoum,
Ramaty and Lingenfelter 1991), where xgr = 1 represents
our “standard” rate, obtained on the basis of the Krugel
(2003) parametrization of dust; xgr = 0 represents a total
absence of dust in a given region; xgr > 1 represents an
overabundance of dust and/or grain characteristics (sizes
and composition) that are especially favorable for positron
capture. We emphasize however, that these factors do not
affect our conclusions, namely that the reaction rates for
positron capture on dust are, even in the most extreme
assumptions, negligible compared to other processes’ in
all but the warm-ionized and hot ISM phase: in the latter
environment the dust dominates all other processes under
all assumptions, and in the other case the dust becomes
comparable or dominant only when the grain capture rate
(or equivalently xgr) is increased by a large factor.
Positron collisions with dust grains can be treated
along the same lines as Zurek (1985) and Guessoum,
Ramaty and Lingenfelter (1991) did, namely that the cross
section is essentially a geometric one (pi a2) with the elec-
tric charge effect (attraction or repulsion with the positron
depending on the local conditions) and the positron es-
cape (backscattering and re-emission from the dust grain)
taken into account:
σgr = (1−R+)pia2felec , (2)
where a is the radius of the grain and R+ is the prob-
ability that the positron is either backscattered by the
grain or re-emitted after being captured. felec is given by
(1 - Ze2/akT) or exp(-Ze2/akT) depending on whether
the grain is negatively or positively charged, respectively;
Z is the grain charge, and T is the temperature of the
medium. Grains are expected to be negatively charged
in the hot and ionized phases of the ISM and possibly
positively charged in the cold and neutral phases (being
slightly ionized themselves by the UV radiation of nearby
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stars if applicable). It can be shown (Krugel 2003) that
the electric potential of a grain is 2.5 kT/e, so that the
quantity Ze2/akT = 2.5 is independent of the temperature
of the medium or the size of the grain.
The positrons that are captured will diffuse and ther-
malize quickly with the grain molecules; infra-red emission
of the ISM dust shows that the temperature of the grains
varies between 15 K and 100 K depending on the condi-
tions of the ISM medium (15K in the coldest phases, and
between 50 K and 100 K in the ionized and hot condi-
tions). Once thermalized, the positrons in the grains will
form a positronium atom, which will either readily be in
the para-state or be formed in the ortho-state but undergo
a “pick-off” annihilation reaction as a para-state (giving 2
photons) when the positron (bound in the Ps) “picks off”
an electron from the surrounding valence electrons. Most
of the positrons that diffuse inside the grain will reach the
surface, the diffusion length being greater than the diam-
eter of most of the grains, but upon reaching the surface
the positron will be captured in a “surface state” and form
Ps there or be ejected, if the “positron work function” of
the material is negative, which is the case for our dust
grains (Rosenberg, Howell & Fluss 1987). A fraction of
the Ps atoms formed at or near the surface will also be
ejected if the “Positronium work function” for the mate-
rial is negative, which is also the case for our dust (Hodges
& Stott 1973, Nieminem & Oliva 1980, Eldrup et al. 1985,
Rice-Evans & Rao 1988, Puska & Nieminem 1994).
Aside from the backscattering probability measured
and simulated for Si and a few other elements (Makinen
et al. 1992), we have found no specific measurements of
e+ and Ps probabilities for the materials that consti-
tute our dust grains in the conditions that we deal with
(slow positrons, etc.). There are some experiments (and a
few calculations) that deal with metals (Huttunen et al.
1990; Nieminen & Oliva 1990) and polymers (Mukherjee,
Chakravorty and Nambissan 1998) or conduct studies
(probing) of defects in semi-conductors by positrons
(Britton, Hempel and Triftshauser 2001; van Veen et al.
2004), but none that consider materials of the dust type.
We have adopted the value of 10 % of positron
backscattering probability obtained by Makinen et al.
(1992) when they extrapolate to the lowest positron ener-
gies (less than 1 keV), a value that seems to apply for all
the materials they investigated (including Si).
For the rest of the parameters, we can only use mea-
surements for materials that have similar chemical behav-
ior (positron and Positronium negative work functions),
and the closest we could find were copper and aluminum.
For instance, the probability of re-emission of positrons
from copper varies linearly with T from 0 to 15 % be-
tween 0 and 150 K, the temperature of the metal, which
we will take as the temperature of the dust, in our case.
(Nieminen & Oliva’s theoretical treatment predicted that
this probability would tend to zero at very low tempera-
tures.) The probability of ejection of Ps from the surface
of the grain is found to be very similar for Cu and Al,
taking the following approximate values: 0 at 0 K, 5 % at
25 K, 9 % at 50 K, 14 % at 100 K, 17 % at 150 K and 20
% at 200 K.
If these measurements are used for our dust grains
(whose temperature ranges between 15 and 100 K), it
would imply that the bulk (65 to 80 %) of the positrons
colliding with grains will annihilate inside (giving two
photons), a small fraction (5 to 15 %) will form Ps, be
ejected and annihilate outside (giving two/three photons
in the usual 25/75 % proportions), while 15 to 20 % of the
positrons will simply fly back out after hitting a grain.
Figure 4 gives a schematic description of the main pro-
cesses that a positron can undergo during its interaction(s)
with dust grains.
The rate rgr(a) of positron capture by grains of size
a is obtained from the effective cross section of positron
capture by grains and the thermal speed of positrons in
the medium:
rgr(a) = ngr σgr ve+ , (3)
where ngr is the number density of dust grains in the
ISM, σgr is the cross section of positron-capture by grains
(Equation 2, and ve+ is the average thermal speed of
positrons in the given ISM phase: ve+ =
√
3kT
me
. ngr is
obtained from the overall mass of dust in the galaxy (0.6
% of the total gass mass) as well as the the grain size distri-
bution dNgr = C0a
−3/2da, which yields the mean value of
the grain’s mass (< mgr >a=
∫ a+
a
−
ρgr4pi/3a
3dNgr). The
constant C0 is inferred from the normalization condition∫
dNgr = 1. For the carbonaceous dust, the density is
ρgr,C ≈ 2.24 g cm−3; for the silicate dust, ρgr,Si/Mg/Fe ≈
3.5 g cm−3. A simple calculation, assuming the total dust
mass to be equally divided into the two main types, then
gives: ngr ≈ 3.5× 10−13nH for the carbonaceous dust and
1.8× 10−12nH for the silicate dust.
Replacing σgr by its expression (Equation 2) in
Equation 3 allows one to show explicitly the factors that
influence the value of the positron capture rate: the re-
flection factor R+ of positrons backscattered or ejected
from the dust grain as explained above, the electrostatic
enhancement of inhibition of positron-grain collision felec.
We add an additional factor fdest to take into account the
potential destruction of dust grains, most likely in the hot
environments. Averaging over the grain size distribution,
the rate then becomes:
rgr = ngr (1 −R+)felecfdest < σgr,geom >a ve+ , (4)
where σgr,geom = pia
2 is the geometric cross-section
and < σgr,geom >a the mean value of the geometric cross
section. As stated previously, dust is likely to be partially
destroyed only in the hot phase of the ISM, so we take fdest
= 0.5 in that case, and fdest = 1 in all other conditions. In
the hot and warm-ionized phases, grains are widely con-
sidered to be negatively charged, with a potential such
that Ze2/akT ≈ −2.5, so that felec = 1−Ze2/akT ≈ 3.5;
in the cold and neutral phases, however, the grains are as-
sumed to be positively charged, but their electrostaic po-
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Fig. 4. Collisions and subsequent annihilation of positrons with grains (of various sizes and types) - (a) positron
re-emission, (b) positron backscattering, (c) Positronium in grain, (d) Positronium ejection.
tential depends on local conditions (proximity of an ioniz-
ing UV radiation from a neighboring hot star, etc.), so that
the potential can vary between 0 and 2.5 V; in these cases,
and considering the de facto impossibility of pinpointing
such a value we take felec = exp(−Ze2/akT ) ≈ 0.5, keep-
ing in mind that such a factor is in effect irrelevant in the
cold phase since the dust has no effect on the annihilation
there.
Taking all these factors into account then yields final
values for the positron capture rates by the carbonaceous
and the silicate dust for the various ISM phase conditions,
as reported in Table 3.
The rates obtained and reported here are in most cases
essentially the same as those of Guessoum, Ramaty and
Lingenfelter (1991), but in some cases and due to the use
of new data, the rates are substantially different. The dif-
ferences are found in the rates of charge exchange with H
in the warm neutral phase, where our new value is greater
than the previous one by about 33 %; direct annihila-
tion with H in the warm neutral phase, where our rate is
greater than the old one by about 16 %; capture by grains,
where our rates are about a factor of 10 lower, a factor of
3 lower and a factor of 1.5 greater than the old values in
the cold, warm neutral and hot phases respectively.
The width of the annihilation line resulting from the
decay of the Ps produced inside the grain is an impor-
tant quantity. There are actually two widths, correspond-
ing to the annihilation of the Ps atoms that escape and
those that remain and die in the grains. Nieminen & Oliva
(1980) state that the kinetic energy of the Ps ejected
by the grain is equal to the absolute value of the “Ps
work function” φPs of the material. This implies a width
Γgr,out = 2
√
mec2φPs of about 1.4 keV, taking φPs ≈ 1
eV. (Note that the value used for Γgr,out since Guessoum,
Ramaty and Lingenfelter 1991 was 2.5 keV. Moreover, the
fraction of Ps escaping from the grain is now taken to
be 5 - 15 %, compared to the previously held 1/3 value.
This will have some significant impact on the shape of the
annihilation line, at least in the hot and ionized phases.)
The width of the line produced by para-Ps decaying inside
the grain cannot be estimated via other physical quanti-
ties and needs to be measured in the laboratory. Again,
there have been no measurements for the kinds of ma-
terials that make up our grains, but typical ACAR (an-
gular correlation of the annihilation radiation) measure-
ments of the two emitted photons give values θACAR 5−8
mrad (Biasini et al. 2000; Sasaki et al. 2003), which would
translate into Γgr,in = 0.5θACARmec
2 ≈ 1.3 − 2.0 keV.
We note, however, that the measurements of Γgr,in by
Iwata, Greaves and Surko (1997) for many atoms and
molecules (including complex alcohols) shows the width
to be always between 2.0 keV and 3.0 keV. We have thus
adopted the higher value of the ACAR measurements,
which corresponds to the lowest value of the annihilation
on molecules: Γgr,in ≈ 2.0 keV.
4. Annihilation spectra
Having reviewed and recalculated the various processes’
reaction rates and line widths, we can construct the stan-
dard spectra of the annihilation radiation for each phase
of the ISM as well as an overall “global” or “diffuse” ra-
diation spectrum, one that includes contributions from
the various regions; the latter “global” spectrum requires
knowledge about the relative distribution of the ISM
phases and their volume contributions to the emitted ra-
diation.
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Table 3. Reaction rates (in cm3/s) for the various processes after thermalization in the different ISM phases.
Process / Medium Molecular Cold Warm Neutral Warm Ionized Hot
(T ≈ 10 K) (T ≈ 80 K) (T ∼ 8000 K) (T ∼ 8000 K) (T ∼ 106 K)
Charge Exchange with H −− −− 1.8 × 10−12 −− −−
Charge Exchange with H2 −− −− −− −− −−
Charge Exchange with He −− −− 9.0 × 10−21 9.0 × 10−21 −−
Direct Annihilation with H −− 6.5 × 10−14 4.4 × 10−14 −− −−
Direct Annihilation with H2 4.3 × 10
−13
−− −− −− −−
Direct Annihilation with He 1.5 × 10−13 3.7 × 10−14 2.6 × 10−14 2.6 × 10−14 −−
Radiative Combination −− −− −− 1.2 × 10−12 1.3 × 10−14
Direct Annihilation with electrons −− −− −− 1.7 × 10−13 1.8 × 10−14
Capture by grains 2.4 × 10−16 6.8 × 10−16 6.5 × 10−15 4.6 × 10−14 2.4 × 10−13
The emission processes are spectroscopically modeled
as either a pure two-photon direct annihilation repre-
sented by a Gaussian with a given FWHM or a combined
two-photon-line/three-photon-continuum when the anni-
hilation proceeds via formation of a positronium atom;
in this latter case, the two-photon line is represented by a
Gaussian with its characteristic FWHM, while the contin-
uum part is represented by the usual Ore & Powell (1949)
function Pt(E) that describes the probability of the emit-
ted photon being emitted with an energy E between 0 and
511 keV (Eq. 10 of Guessoum, Ramaty and Lingenfelter,
1991).
Table 4 summarizes the line widths for various pro-
cesses. For several processes the Gaussian function with
a given FWHM represents a slight simplification of the
real spectrum, but the annihilation spectra obtained in
the end, and their eventual comparison with the data, are
insensitive to this level of precision.
However, several values of the various processes’
FWHM have now changed to some extent (by about 10
% in most cases, but sometimes more) compared to the
values used in previous modeling. In particular, the width
of the line produced in the decay of Ps formed “in-flight”
with H is now 5.8 keV instead of the 6.4 keV used for
over two decades. (The difference is due to the accurate
experimental cross sections now available for positron ex-
citation, ionization and charge exchange with H.) Likewise
the lines resulting from positron annihilation after capture
by a grain (either two-photon annihilation inside the grain
or decay of the Ps ejected from the grain) have widths of
2.0 keV and 1.4 keV respectively, compared to 1.8 keV
and 2.5 keV previously. References and discussions of the
various FWHMs are given in the sections 3.2 and 3.3.
The following formula then allows us to construct the
theoretical spectrum for a given ISM phase:
S(E) =
∫
dE′
[
3× 3
4
Pt(E
′) + 2× 1
4
δ(E′ − E0)
]
{ X × f1,H/H2G(E,E′,Γif,H/H2 )
+ Y × f1,HeG(E,E′,Γif,He)
+
(
1−X f1,H/H2 − Y f1,He
)
× [fce,H/H2 G(E,E′,Γce,H/H2)
+ fce,He G(E,E
′,Γce,He)
+ frce G(E,E
′,Γrce)
+ fgr,out G(E,E
′,Γgr,out) ] }
+ 2
(
1−X f1,H/H2 − Y f1,He
)
[fdae G(E,E0,Γdae)
+ fda,H/H2 G(E,E0,Γda,H/H2)
+ fda,He G(E,E0,Γda,He)
+ fgr,in G(E,E0,Γgr,in)] , (5)
where X and Y are the relative abundances of H/H2
and He (90 % and 10% respectively), ΓP refers to
the FWHM of the line produced by a given process P
(if, ce, dae, daH, gr refer to in-flight, charge exchange, di-
rect annihilation with free electrons, direct annihilation
with H, annihilation with grains – inside or outside –,
etc.); G(E,E′,ΓP ) is the Gaussian function of variable
E’, centered on E, and of FWHM = ΓP , normalized to 1;
the factors fP are the relative probabilities for each pro-
cess: fP = RP /
∑
RP , RP denoting the rates of various
processes (Table 3) weighted by the relative abundance of
each element.
Figures 5 (a, b, c, d, e) show the annihilation spectrum
in the molecular, cold (atomic), warm neutral, warm ion-
ized and hot phases, respectively. In each case the solid
curve shows the spectrum assuming a “standard grain
model” (in terms of grain abundance, size distribution,
composition, etc., as adopted in Section 3.3) in the given
phase, i.e. a factor xgr = 1; dashed curves represent the
spectra in the case of grains greatly amenable to positron
capture (xgr = 10.0); dotted curves represent the spectra
when dust is removed from the phase. The spectra con-
firm that unless dust is overabundant in the warm ionized
or hot phases (or the rates of capture are greater than we
have adopted – as explained in section 3.3), it has a neg-
ligible effect on the annihilation radiation emitted in the
ISM.
In order to construct the “global” spectrum of 511 keV
annihilation from the ISM as a whole, one simple approach
is to combine the previous phase spectra on the basis of the
relative contributions (densities and filling factors) of each
phase. For this, filling factors such as those used in the
ISM model of McKee & Ostriker (1977) can be adopted:
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Fig. 5. Annihilation spectra for the 5 ISM phases separately (see text): (a) Cold, molecular hydrogen medium; (b)
Cold, atomic hydrogen medium; (c) Warm, neutral medium; (d) Warm, ionized medium; (e) hot medium.
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Table 4. Line widths (in keV) for various positron annihilation processes.
Process / Medium Cold & Molecular Warm Neutral Warm Ionized Hot
(T < 100 K) (T ∼ 8000 K) (T ∼ 8000 K) (T ∼ 106 K)
Charge Exchange with H in-flight 5.8 5.8 −− −−
Charge Exchange with H2 in-flight 6.4 −− −− −−
Charge Exchange with He in-flight 7.4 7.4 8.7 −−
Charge Exchange with H after thermalization −− 1.16 −− −−
Charge Exchange with H2 after thermalization −− −− −− −−
Charge Exchange with He after thermalization −− 1.22 1.22 −−
Direct Annihilation with H 1.56 1.56 −− −−
Direct Annihilation with H2 1.71 −− −− −−
Direct Annihilation with He 2.50 2.50 2.50 −−
Radiative Combination −− −− 0.98 11
Direct Annihilation with electrons −− −− 0.98 11
Positronium from grains 1.4 1.4 1.4 1.4
Annihilation in grains 2.0 2.0 2.0 2.0
2.4 % for the cold phase(s), 23 % for each of the warm
phases and 52% for the hot phase. In the same model,
the densities of each phase are: 42 cm−3, 0.37 cm−3, 0.25
cm−3, 3.5 × 10−3 cm−3 in the cold, warm neutral, warm
ionized and hot phases, respectively.
Figure 6 shows the result of combining the individual-
phase spectra using the McKee & Ostriker simple prescrip-
tion as well as the spectra obtained when the positrons
are excluded from the cold regions (both the molecular
and atomic phases); this we do for comparative purposes
with the results obtained in the treatment of Guessoum,
Ramaty and Lingenfelter (1991). In the first case (annihi-
lation in all phases according to the description of McKee
& Ostriker), we see that the dust makes no difference to
the line profile. In the second case, the profile of the over-
all emission spectrum is substantially different from the
“uniform” case, and the dust does make a non-negligible
difference.
A more physically realistic approach would be to adopt
an analytic ISM model such as Ferriere’s, which gives the
densities of each species (H, H2, free electrons, etc.) in each
volume element (defined by its galactocentric coordinates
r and z) of the ISM. This latter approach we save for a fu-
ture, more physical treatment of annihilation in the ISM,
one that will consider the change in the annihilation spec-
trum and profile when emanating from different directions
and regions of the Galaxy.
Table 5 displays the FWHMs of the lines obtained in
each phase as well as in the “global” case. These allow us
to compare our results with earlier ones and serve to give
us a rough idea about the physical properties of the anni-
hilation region(s), although we must emphasize that the
FWHM parameter is not a sufficient parameter in charac-
terize such spectra. Until the full follow-up modeling and
interpretation work is performed, these values are used
for comparison and indication purposes. Our present re-
sults are largely consistent with the older ones, but our
line widths tend to be slightly larger than the older ones
in all phases. In the warm neutral phase the line appears
500 505 510 515 520 525
0.00
0.05
0.10
0.15
0.20
0.25
 
 
P
h
o
to
n
 S
p
e
c
tr
u
m
E (keV)
Fig. 6. Combined (“global”) ISM annihilation spectra, ob-
tained under two assumptions: 1) positrons annihilating
in all phases according to the filling factors and densities
given in the McKee & Ostriker (1977) model, either with
or without the effect of the grains (solid, blue dashed and
red dotted curves); 2) positrons not annihilating in the
cold phases, with/without grain effect (solid and dotted
narrower purple curves).
to be substantially broader than the result of Guessoum,
Ramaty and Lingenfelter (1991), but only because in that
treatment the warm neutral phase has a 15 % ionization
fraction, whereas in the present treatment the warm neu-
tral phase is completely neutral. Moreover the rate for
14 Guessoum, Jean & Gillard: The lives and deaths of positrons in the ISM
Table 5. Values of FWHMs obtained (in keV) in each
ISM phase separately and in the “global” case; the values
are given for the “standard grain model” (xgr = 1), for
xgr = 0 (no dust) and for xgr = 10 (overabundant and/or
grain characteristics especially favorable for positron cap-
ture – see text), respectively. For the “global (combined)”
spectrum we give FWHM values in two cases: the McKee
& Ostriker model with its phase densities and filling frac-
tions, and the situation (results in parentheses) when the
positrons are excluded from the cold phases.
Phase xgr = 1 xgr = 0 xgr = 10
Molecular 2.39 2.39 2.39
Cold 3.00 3.00 2.92
Warm Neutral 4.78 4.76 4.74
Warm Ionized 1.02 1.00 1.19
Hot 1.99 11.0 1.96
Combined 2.26 (1.18) 2.17 (1.15) 2.17 (1.37)
charge exchange with H has increased (by about 20 %) in
this work, which increases the contribution of the broad
line; indeed the in-flight process, for which the line widths
are always large (≈ 6 keV), has now become more domi-
nant overall.
The main conclusions from this “phase” treatment are
first that the “global” spectra obtained here (on the basis
of the McKee & Ostriker 1977 ISM model) are consistent
with the observed widths reported by the various missions
(including SPI and TGRS) and second that unless spe-
cific physical assumptions are made regarding whether the
positrons annihilate prefentially in some regions (say the
hot and/or ionized phases), the dust will in general play
a negligible role. A careful analysis and interpretation of
the observational data in the light of our new modelling
of the positron processes will be performed in a follow-up
work, and we do not exclude a priori the possibility that
positrons may show a preference for some phases and/or
for grain capture.
5. Summary and conclusions
The aim of this work was to carefully reexamine all the
processes that positrons undergo in the ISM, including
the complicated interactions with dust grains, and to try
to determine as precisely as possible all the quantitative
factors in the problem, particularly the various reaction
rates and the widths of the lines emitted in the process.
We also included all aspects of positron interactions with
molecular hydrogen, in addition to atomic hydrogen, as
well as helium (excitation, ionization, charge exchange, di-
rect annihilation with the bound electron, etc.). For this
we undertook a major review of the literature (cross sec-
tion measurements and calculations, etc.) and performed
a detailed Monte Carlo simulation that allowed us to ob-
tain new, accurate results on the fraction of positrons that
form positronium in flight, the profile and width of the
line emitted in the process, the lifetimes of the positrons
in such conditions, etc. We also investigated in detail the
interstellar dust and its effect on positron annihilation.
The final results of our calculations (reaction rates and
spectra) showed that dust is only important in the hot
phase of the ISM (where it dominates all other processes),
but previous modelling efforts (e.g. Guessoum et al. 2004)
stressed the importance of this process. There are still
some pieces of the puzzle missing in this regard, for ex-
ample the widths of the lines emitted in the annihilation
of positrons/positroniums inside/outside a dust grain, the
extent of the destruction of grains in the hot/warm re-
gions of the ISM and also the electrostatic charge carried
by dust in various conditions.
We aimed to provide solid basis for modelling the
detailed annihilation data currently being obtained by
INTEGRAL-SPI (Knodlseder et al. 2005) as well as fu-
ture observations, e.g. spectroscopic explorations of re-
gions of the Galaxy other than the central regions (galactic
plane, compact objects / LMXBs, etc.). Indeed, with the
positron processes now much more firmly understood and
quantified, it becomes possible to compare the annihila-
tion model outlined here and the spectra obtained by our
calculations with the SPI data and infer useful informa-
tion regarding the regions where the annihilation is pre-
dominantly taking place. It will also become possible to
model and interpret data obtained for more local and spe-
cific places. Finally, with the microscopic processes now
fully examined and more precisely parametrized, it be-
comes possible to perform a time-dependent investigation
of the lives of positrons from their births to their ultimate
deaths/annihilations. This would then constitute a major
step towards the resolution of the “origin of positrons in
the Galaxy” puzzle.
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